In vertebrate species, the innate immune system down-regulates protein translation in response to viral infection through the action of the double-stranded RNA (dsRNA)-activated protein kinase (PKR). In some teleost species another protein kinase, Z-DNA-dependent protein kinase (PKZ), plays a similar role but instead of dsRNA binding domains, PKZ has Z␣ domains. These domains recognize the left-handed conformer of dsDNA and dsRNA known as Z-DNA/Z-RNA. Cyprinid herpesvirus 3 infects common and koi carp, which have PKZ, and encodes the ORF112 protein that itself bears a Z␣ domain, a putative competitive inhibitor of PKZ. Here we present the crystal structure of ORF112-Z␣ in complex with an 18-bp CpG DNA repeat, at 1.5 Å. We demonstrate that the bound DNA is in the left-handed conformation and identify key interactions for the specificity of ORF112. Localization of ORF112 protein in stress granules induced in Cyprinid herpesvirus 3-infected fish cells suggests a functional behavior similar to that of Z␣ domains of the interferon-regulated, nucleic acid surveillance proteins ADAR1 and DAI.
The nucleic acid double-helix can adopt three main conformations termed A, B, and Z. Among these conformations, the Z-DNA or Z-RNA is the only one that has a left-handed configuration and is named for its characteristic zig-zag backbone shape (1) . Because the Z conformation is energetically unfavorable under physiological conditions, for long it was not clear whether it plays a role in biological processes (2) . This changed with the discovery of Z␣ domains, which belong to the winged helix-turn-helix fold family and bind with high specificity and affinity to both Z-DNA and Z-RNA (reviewed in Ref. 3) . Until now, these domains have only been found in proteins involved in the antiviral interferon response pathway and act either as part of host foreign nucleic acid surveillance proteins or as their viral inhibitors (3) .
The unique ability of Z␣ domains to stabilize the left-handed conformation under physiological conditions of both DNA and RNA has led to extensive structural studies aiming at understanding the underlying mechanism. Crystal structures of DNA complexes with Z␣ domains from the RNA editing enzyme ADAR1 (adenosine deaminase acting on RNA), the DNA sensor DAI (DNA activator of interferon regulatory factors), the Z-DNA dependent protein kinase PKZ, 3 and the poxviral interferon response inhibitor E3L have revealed a highly conserved set of interactions (4 -7) . Previously, we solved the first structure of such a domain (Z␣ from ADAR1) in complex with double-stranded RNA (dsRNA), which shows very similar interactions (8) , suggesting that Z␣ domains interact in vivo with either dsDNA, dsRNA, or their hybrids.
Despite extensive in vitro studies, little is known about the context of Z␣ targeting in vivo or other functional roles of the domain. Recent studies showed that Z␣ domains localize in stress granules (SGs): ribonucleoprotein particles formed by stalled ribosomes upon translational arrest during different forms of cellular stress (9, 10) . The same work showed that nucleic acid binding is a requirement for this localization and that a Z␣ domain fusion can target other proteins to arseniteinduced SGs. These findings suggest that Z␣ domains can also bind endogenous nucleic acid and that viral infection is not the only condition under which they are functional.
Genomes of several bony fish species (Cyprinoformes and Salmoniformes such as Danio rerio, Cyprinus carpio, Carassius auratus, and Salmo salar) encode a paralogue of the RNA-dependent protein kinase PKR named PKZ (11) . PKR is a well studied cytoplasmic sensor of dsRNA that, upon recognition of dsRNA by its dsRNA-binding domains, is activated by autophosphorylation (12) . The activated PKR then phosphorylates the eukaryotic initiation factor 2␣, leading to a shutdown of protein translation. PKZ, which instead of dsRNA-binding domains has two Z␣ domains (11) , was shown to phosphorylate eukaryotic initiation factor 2␣ similarly to PKR in response to CpG DNA, but not to poly(IC), a classic dsRNA activator of PKR (13) . Previously, we and others solved the crystal structures of the PKZ-Z␣ domain (7, 14) and clarified the details of the interaction of PKZ-Z␣ with Z-DNA.
Cyprinid herpesvirus 3 (CyHV-3; species Cyprinid herpesvirus 3, genus Cyprinivirus, family Alloherpesviridae, order Herpesvirales) is an emerging fish pathogen that has a major negative impact in common and koi carp populations both in the wild and in aquaculture (15) . Interestingly, its large genome that consists of a dsDNA molecule of 295 kb (16) encodes some genes with close relatives in viral families such as Poxviridae and Iridoviridae but are absent in Herpesviridae. Recently, we demonstrated that CyHV-3 ORF112 encodes a Z␣-like domain (17) , leading us to hypothesize that this protein could represent an inhibitor of PKZ. This parallels poxviruses that use E3L, another Z␣-containing protein, to block PKR and other elements of the interferon response (18) . Recombinant vaccinia virus with deleted the E3L-Z␣ domain was shown to lose pathogenicity in mice (19) , and the E3L-Z␣ was demonstrated to be required for the efficient blocking of the PKR pathway in mouse embryonic fibroblasts (20) .
We have previously shown that the structure of the apoprotein of CyHV-3 ORF112 adopts the Z␣ fold, whereas our in vitro experiments suggested that ORF112 interacts with CpG DNA in the left-handed conformation (17) . Here, we aimed at understanding the specificity and mechanism of binding of ORF112 by determining the crystal structure of its complex with dsDNA. We find that ORF112-Z␣ forms dimeric structures on DNA that have a role in stabilizing the protein⅐DNA complex and shows interactions that extend beyond the minimal (CG) 3 binding site. Furthermore, we use this structural information to understand its relationship with PKZ and the poxvirus inhibitor of interferon response, E3L. Finally, we show evidence that ORF112 localizes in stress granules, cytoplasmic ribonucleoproteins involved in antiviral responses, as do Z␣ domains of ADAR1 and DAI (9) .
Experimental Procedures
Cloning, Expression, and Purification-The Z␣ domain of ORF112 (BAF48926.1 residues 187-278) was cloned in a pET28a vector with NheI/XhoI restriction enzymes as a His tag N-terminal fusion protein. The construct was expressed in Escherichia coli strain BL21 (DE3). Cell cultures with 0.6 -0.9 OD were induced with 0.7 mM IPTG. After 3 h, cells were harvested by centrifugation (5000 ϫ g) at 4°C. Chemical cell lysis was performed with Bugbuster (Novagen) in the presence of 1 mM PMSF, mixture of proteinase inhibitors (Complete Mini, EDTA-free; Roche), and Benzonase (Novagen) for 1 h at 4°C. The protein extract was loaded on a HiTrap IMAC-Sepharose FF column (GE Healthcare). The column was then washed with 30 mM imidazole, and the protein was eluted using a gradient of 30 -250 mM imidazole. The His tag was cleaved with 10 units of thrombin during an overnight dialysis at 4°C against MonoS buffer A (10 mM HEPES, pH 6.9, 20 mM NaCl) supplemented with 5 mM EDTA. The cleaved protein was loaded on a Mono S 4.6/100 PE (GE Healthcare). The column was washed with a gradient of 20 -120 mM NaCl. The protein was then eluted with 120 -500 mM NaCl gradient, and the fraction content was evaluated by gel electrophoresis. Buffer exchange and concentration was performed with Amicon-Ultra centrifugal filters (Merck Millipore). Finally, the protein was concentrated at 35 mg/ml in 10 mM HEPES, pH 7.4, 20 mM NaCl and used in crystallization trials.
Complex Crystallization-A T(CG) 9 DNA oligonucleotide was purchased from Integrated DNA Technologies and dissolved in MilliQ water. The oligonucleotides were annealed overnight in a PCR machine using a temperature gradient from 80°C to room temperature, decreasing 1°C every 12 min. Protein and oligonucleotide concentration estimations were based on absorbance measurements using a NanoDrop device. For crystallization a complex mix of ORF112-Z␣ (1.2 mM) with T(CG) 9 (0.3 mM) was screened against solutions of three-dimensional structure screen (Molecular Dimensions). Initial small hexagonal crystals were obtained in 1.05 M lithium sulfate, 0.1 M HEPES, pH 7.5. The crystals were optimized, and the best quality ones were obtained in 0.9 M lithium sulfate, 0.1 M HEPES, pH 7.6. Such crystals were harvested and cryoprotected either in 20% glycerol, 20% PEG200, or Paratone-N and flash frozen in liquid nitrogen.
Data Collection, Structure Determination, and Phylogenetic Analysis-X-ray diffraction data of crystals frozen in liquid nitrogen were collected at Beamline ID29 of European Synchrotron Radiation Facility/Grenoble synchrotron at 100 K using 0.976 Å x-ray wavelength. The best quality data were obtained from crystals cryoprotected in 20% PEG200. The XDS package was used to process the data (21) . The complex crystallized in the P3 2 21 space group with unit cell dimensions and angles a ϭ 44.82 Å, b ϭ 44.82 Å, c ϭ 140.08 Å, ␣ ϭ ␤ ϭ 90.00°, ␥ ϭ 120.00°. Initial phases were obtained by molecular replacement using a composite model of a truncated chain (48 residues of 69) of Z␣ ORF112 (PDB code 4HOB) with 5 bases of a Z-DNA strand from the ADAR1-Z␣ DNA complex (PDB code 1QBJ). The composite model was constructed after superposition of the two structures in PyMOL. Our starting model was then refined in Phenix (22) followed by manual rebuilding in Coot (23) to a final R/R free of 0.18/0.21. The final model has phi-psi angles for all protein residues within the favored region of the Ramachandran plot.
The asymmetric unit of the crystals contains two Z␣ domains and two Z-DNA chains of 6 bases (one third of the T(CG) 9 ). The electron density for the DNA shows continuity between asymmetric units and neighboring unit cells forming infinite helixes spanning the crystal lattice in three directions. The overhanging T is disordered and not visible in the electron density. A form of crystal disorder in which the missing terminal phosphates of the DNA backbone in the continuous helices are not aligned among them explains the disappearance of the DNA ends and leads to an apparent asymmetric unit that contains only a third of the physical DNA molecule. Similar cases have been observed in crystal structures of Z-DNA when the helical axis coincides with a crystallographic axis (7, 24, 25) . In the final model, the density of two solvent exposed residues (Lys-233A and Gln-270A) was very weak, and thus these side chains were not modeled. In addition the N-terminal 36 residues (6 originating from the expression vector), as well as the last C-terminal residue, are not seen in the electron density and thus are not modeled. Arg-258B also did not show strong density but guided by the interaction of the same residue in chain A, we were able to model this residue in two alternative conformational states. The final model contains 120 waters as well as 4 sulfate ions bound to the highly charged ORF112 surfaces. Details about data collection and refinement statistics are listed in Table 1 . The PISA (26) software was used to obtain information about protein-DNA and protein-protein interfaces and assemblies. Structure-guided alignments were performed in UCSF Chimera (27) and phylogenetic analysis in PhyML (28) as implemented on the publicly available server Phylogeny.fr (29) . Representations of the structure and structural alignments were generated in PyMOL (30) . The RMSDs from the structural alignments in Fig. 1b refer to chain A from each structure with the exception of drPKZ, in which chain B was used because chain A has a disordered region. The structure and structure factors have been deposited to the RCSB database (PDB code 4WCG).
Cell Culture, Virus, and Treatment-Common carp brain (CCB) cells (31) were cultured in minimum essential medium (Sigma) containing 4.5 g/liter glucose (D-glucose monohydrate; Merck) and 10% FCS as described previously (32) . The CyHV-3 FL strain was isolated from the kidney of a fish that died from CyHV-3 infection (32). To induce stress granule formation, CCB cells were incubated at 25°C for 30 min in media supplemented with 1 mM sodium arsenite (Sigma) and then were washed twice with complete medium and allowed to recover for 15 min before further processing. Purification of CyHV-3 virions (American strain: accession code ABG42939.1) and mass spectrometry analyses by two-dimensional LC MS/MS were performed as described previously (33) .
Immunofluorescent Staining and Confocal Microscopy-CCB cells were fixed in PBS containing 4% (w/v) paraformaldehyde for 15 min at 4°C and then 10 min at 20°C. After washing with PBS, samples were permeabilized in PBS containing 0.2% (w/v) Triton X-100 at 20°C for 10 min. Immunofluorescent staining (incubation and washes) was performed in PBS containing 10% FCS (v/v). CCB cells were incubated at 37°C for 60 min with mouse polyclonal sera raised against CyHV-3 ORF112 protein and rabbit polyclonal antibodies raised against CyHV-3 purified virions or rabbit polyclonal antibodies raised against HuR/ ELAVL1 protein (Proteintech). After three washes, samples were incubated at 37°C for 30 min with Alexa Fluor 488-conjugated goat anti-mouse IgG (HϩL) (Life Technologies) and with Alexa Fluor 568-conjugated goat anti-rabbit IgG (HϩL) (Life Technologies) as the secondary antibodies. After washing, cells were mounted using Prolong Gold antifade reagent with DAPI (Invitrogen). Confocal microscopy analyses were performed as described previously (34) .
Isothermal Titration Calorimetry-Binding heat was measured on ITC200 instrument (GE Healthcare) at 25°C and 1000 rpm. Oligonucleotides T(CG) 3 and T(CG) 6 were purchased from Integrated DNA Technologies and annealed. Protein and DNA storage solutions were exchanged against 10 mM HEPES, pH 6.5, 50 mM NaCl with Amicon ultracentrifugal filters (Merck Millipore). Briefly, experiments consisted of 18 injections of 2 l of protein to oligonucleotide (concentrations used were optimized for optimal curve fit and are indicated in the corresponding figure legends). After each injection, the system was allowed to equilibrate for 3 min. Raw data were integrated using NITPIC software (35) , and fitting was carried out with SEDPHAT (one-site models: Levenberg-Marquardt algorithm) (36) or in CHASM (two-site models) (37) . Plots were created with GUSSI (evoked in SEDPHAT).
Results
Overview of ORF112-Z␣⅐DNA Complex Structure-Our recently obtained crystal structure of PKZ-Z␣ (7) suggested that, for at least some Z␣ domains, the binding site might extend beyond the minimal Z␣ binding site of a 6-bp duplex. ForORF112-Z␣,weperformedseveraltrialswithdifferentoligonucleotide lengths and were able to obtain co-crystals with a T(CG) 9 dsDNA (attempts to crystallize CyHV-3 ORF112-Z␣ with smaller DNA fragments proved unsuccessful). The crystals of the complex belong to P3 2 21 space group. We determined the structure of the complex at 1.5 Å using molecular replacement. The asymmetric unit consists of two Z␣ monomers and two strands of 6-bp DNA with the DNA forming apparent pseudocontinuous helices along the crystal lattice. Thus, we chose the bases in the asymmetric unit in a way that captures the maximal number of interactions without the need to apply crystal symmetry operators ( Fig. 1a ). Symmetry operations can then recreate the pseudocontinuous helix, which is spanning the entire crystal. Structural alignment shows that the two monomers in the asymmetric unit are very similar (0.257 Å RMSD). In agreement with our findings from the structure of the apo-protein (17), the ORF112-Z␣ represents a typical winged helix-turn-helix domain fold. The free and DNA-bound forms are very similar (0.253-0.361 Å RMSD depending on the 
monomer choice). Structural alignment with other members of the Z␣ family, despite low sequence identity, reveals extensive structural conservation, with the most prominent differences found in the wing region (Fig. 1b) .
The arrangement of ORF112-Z␣ domains along the DNA helix was defined by taking as reference the critical and conserved CH-interaction between Tyr-257 and guanosine 4 (G4) in syn conformation. ORF112-Z␣ binding sites are separated by 6 bp on the same strand. Binding to the other strand is shifted by 3 bases (Fig. 1, c-e ). This arrangement was previously observed only in the tetragonal crystal form of PKZ-Z␣ with T(CG) 6 (7) , which is the only other Z␣ co-crystal structure with CpG repeats longer than (CG) 3 and also showing a perfectly continuous DNA helix along the crystal. Importantly, in this arrangement, the two ORF112-Z␣ domains come within protein-protein contact distance, an interaction that involves the end of helix 3 and the wing of each monomer in a symmetric fashion that we describe in more detail below.
The ORF112-Z␣ DNA Binding Induces a Novel Protein-Protein Interface-The crystal structure of the prototypic Z␣ domain (from the RNA editing enzyme ADAR1) showed two monomers that reside on opposite sides of the DNA helix with no interactions between them and each monomer forming hydrogen bonds with a single DNA strand (4) . Following structures of other Z␣ domains bound to (CG) 3 dsDNA showed a similar organization, suggesting that Z␣ domains bind to each FIGURE 1. Overall structure of Cyprinid herpesvirus 3 Z␣ domain in complex with Z-DNA and its fold similarity to other members of Z␣ family. a, representation of the asymmetric unit of CyHV-3 ORF112-Z␣: two protein domains (red with semi-transparent surface) and two Z-DNA strands (in blue). b, structural alignments (C␣ trace) of Z␣ family members: Cyprinid herpesvirus 3 ORF112-Z␣ (cyhv3Z␣ ORF112 , PDB code 4WCG), Yaba-like E3L-Z␣ (yabaZ␣ E3L , PDB code 1SFU), vaccinia virus E3L-Z␣ (vvZ␣ E3L , PDB code 1OYI), D. rerio PKZ-Z␣ (drZ␣ PKZ , PDB code 4LB5), C. auratus PKZ-Z␣ (caZ␣ PKZ , PDB code 4KMF), Homo sapiens DAI-Z␣2 (hsZ␣2 DAI , PDB code 3EYI), Mus musculus DAI-Z␣ (mmZ␣ DAI , PDB code 1J75), and Homo sapiens ADAR1-Z␣ (hsZ␣ ADAR1 , PDB code 1QBJ). c and d, representation of reconstructed biological assembly of T(CG) 9 oligonucleotide. The view is perpendicular to (c) or along (d) the DNA axis. DNA duplex is represented as a stick model. Proteins are depicted as the ribbons; six monomers decorate T(CG) 9 oligonucleotide. Red transparent surface marking one of the monomers serves as a reference. e, schematic representation of the arrangement of the ORF112-Z␣ domains along the Z-DNA helix. The CH-interaction between the guanosines in the syn conformation and Tyr-257 is used as the reference and is indicated by horizontal cyan arrows. Vertical arrows indicate binding site spacing (number of base pairs) between adjacent monomers.
DNA strand independently. However, our recently described structure of free ORF112-Z␣ revealed extensive protein-protein interactions between Z␣ domains leading to a domain swapped dimer (17), suggesting a role for dimer formation in DNA binding.
In the protein⅐DNA complex, the dimer interface is mostly stabilized by van der Waals interactions and exhibits a symmetrical interaction between chains A and B (Fig. 2, a and b) . The two interacting monomers are related by a noncrystallographic, 2-fold symmetry. The C-terminal part of the recognition helix ␣3 of monomer A tightly packs against strand S2 of the wing and helix ␣3 of monomer B. This interaction provides structural support for the wing and fixes its orientation. In total, 7 residues of each monomer are involved in the interaction with a contact area of 370 Å 2 (ϳ10% of the total surface area). Two backbone hydrogen bonds are formed between the N-H of Lys-267 (chain A) with the backbone carbonyl group of Glu-261 (chain B) and its symmetric Lys-267 (chain B) with Glu-261 (chain A) (Fig. 2b) . This protein-protein interface, although extensive, only forms on protein bound to DNA, because we have shown that in vitro the protein, in the absence of sulfate ions, is monomeric (17) .
All cellular proteins with Z␣ domains contain two or rarely three copies (Strongylocentrotus purpuratus ADAR1) of the domain. Studies of the PKZ-Z␣ suggest that efficient stabilization of the Z conformation requires binding of more than one domain (7) . Only the viral proteins E3L encoded by poxviruses and the ORF112 encoded by CyHV-2 and CyHV-3 possess a single Z␣ domain and they may compensate for the lack of a covalently linked second domain through an on-DNA dimerization. We assessed whether Yaba-like disease virus E3L-Z␣ can potentially form the on-DNA dimer. After superimposing E3L-Z␣ monomers on the ORF112 structure, we do not observe backbone clashes between monomers (Fig. 2d) ; only few side chains overlap, but they could be accommodated in alternative conformations. Importantly, the C-terminal end of the Z␣ domain, which in the full-length E3L is physically linked to a dsRNA binding domain, does not interfere with the between-Z␣ interactions. This comparison suggests that E3L-Z␣ domains may also participate in protein-protein inter-FIGURE 2. DNA-mediated protein-protein interaction. a, representation of the protein-protein interface. CyHV-3 ORF112-Z␣ domain is shown as a blue and yellow cartoon with transparent surface. A 10-bp DNA was reconstructed from the asymmetric unit and is shown as a stick model. b, schematic representation of interactions between ORF112-Z␣ monomers. Hydrogen bonding involves the protein backbone. c, the structure of the free ORF112-Z␣ (green) (PDB code 4HOB) superimposed to the DNA bound form (red) with 0.33 Å RMSD. The C-terminal part of a second monomer (cyan) that is exchanged and completes the free protein structure is also shown. For clarity, only two DNA bases and their phosphate linkage from the complex structure are shown along with the sulfate ion S302 (orange) that occupies the same position as the phosphate in the free protein. In the free protein, the sulfate ion interacts with Tyr-257, Asn-253, and Arg-249, as well as with Lys-267 and the backbone of Gln-270 of the second monomer that are being exchanged. The C-terminal part of the domain that is involved in domain swapping is indicated (DS). d, putative complex formed by Yaba-like disease virus E3L-Z␣ monomers (modeled based on ORF112-Z␣) with long Z-DNA. No clashes between backbone atoms of E3L-Z␣ monomers are observed.
action when bound on DNA longer than the minimal (CG) 3 binding site. This supports the idea that, although ORF112 and E3L contain one Z␣ domain, the functional unit interacting stably with DNA is a nucleic acid-dependent Z␣ dimer. This, on-DNA dimer formation may serve to provide additional stability to the complex and to block the Z-DNA/Z-RNA from reverting back to B or A conformation.
The Viral Z␣ Domains: Key Differences in the Protein-Nucleic Acid Interactions-Z␣ domains recognize the characteristic shape of the left-handed helix. This recognition involves sugarphosphate backbone interactions and a unique CH-contact formed by an absolutely conserved Tyr residue with a guanosine in syn conformation. The positioning of this critical Tyr residue is supported by an Asn and a Trp residue with all three residues forming a network of interactions that is critical for DNA binding. The residues engaged in the interactions with nucleic acids are located in helix 3 (␣3) and the wing region (4). The ORF112-Z␣ domain follows the same rules, and the structure shows that the triad of conserved residues Tyr-257 (CHcontact), Asn-253, and Trp-274 forms, also in this case, the core of the recognition mechanism.
Poxviruses encode E3L, a protein that contains a Z␣ domain and is crucial for the evasion of the host interferon responses. This protein inhibits PKR (18) and has been proposed to antagonize the DNA sensor DAI, another protein that contains Z␣ domains and drives the up-regulation of type I interferon genes upon activation (38) . The crystal structure of the Z␣ domain of Yaba-like disease virus E3L and the NMR structure of vaccinia virus E3L demonstrated that these proteins interact with DNA in a very similar manner to that of ADAR1 and DAI Z␣ domains (39) .
To understand better the relationship between E3L and ORF112, we compared the binding modes of these viral Z␣ domains in more detail (Fig. 3) . The most striking differences between them are found in the wing region. In most Z␣ domains, the loop connecting the ␤-strands of the wing has one or two Pro residues that contribute to DNA binding through hydrophobic interactions. In addition, the wing contributes polar residues, such as Thr or Asn, that bind the DNA backbone through direct or water-mediated hydrogen bonds. The wing of ORF112-Z␣ is short, and the corresponding loop is oriented away from the DNA, as a result only Pro-272 (located in the ␥-turn) contacts the DNA backbone (Fig. 3, a and c) . In contrast, Yaba-like disease virus E3L-Z␣ uses four-wing residues to make contacts with DNA ( Fig. 3, b and d) . However, when we compare ORF112-Z␣ with the NMR structure of vaccinia virus E3L, determined in the absence of DNA, we find a much more similar wing region. This variation of the wing loop suggests a significant degree of flexibility and that its precise positioning may to some extent be dictated by the DNA backbone. This becomes important, because for Z␣ structures in complex with (CG) 3 , the wing contacts the edge of the DNA molecule, which often is distorted relative to the continuous helix. Moreover, in the ORF112 structure, the dimer formation contributes to the stabilization of the wing by introducing interactions with the C terminus of helix ␣3 of the second monomer. Thus, it is possible that other Z␣ domains will show changes in the wing orientation if bound to longer DNA sequences leading to a similar domain arrangement, such as the one we see for ORF112-Z␣ complex.
In the recognition helix ␣3 two absolutely conserved residues are identically positioned: Asn-253 and Tyr-257 for ORF112-Z␣ and Asn-47 and Tyr-51 for Yaba-like disease virus E3L-Z␣. The rest of the interacting residues of ␣3 are distinct for these viral Z␣ domains. ORF112-Z␣ has three positively charged Arg residues (Arg-258, Arg-249, and Arg-254) interacting with the DNA. To our surprise, Arg-258 forms two direct bonds with the base of G4 on the strand opposite to the one where all other interactions occur (Fig. 3e) . Such direct interaction with a DNA base has not been observed for Z␣ domains before and suggests a sequence specific recognition. Although this residue is not conserved among all Z␣ domains, Z␣ domains of DAI do have an arginine in equivalent position, whereas in Yaba-like disease virus E3L, the Lys-52 can play a similar role. This interaction extends beyond the minimal T(CG) 3 binding site and could not be observed in previous structures. Arg-249 of chain A establishes a network of watermediated hydrogen bonds with the phosphate backbone. Additionally, Arg-254 is among the most conserved backbone interactions and forms direct hydrogen bonds with the C5 phosphate in a similar manner as in the prototypic ADAR1-Z␣. Yaba-like disease virus E3L has equivalent interactions, with Lys-43 and Gln-48 having similar roles to Arg-249 and Arg-254, whereas, as mentioned, Lys-52 could potentially form a similar base interaction as Arg-258. Finally, Ser-250, which adopts multiple conformations, concludes the DNA interacting residues of ORF112 interacting with G4 phosphate oxygen atoms. This interaction is conserved in PKZ-Z␣ but in equivalent position other Z␣ domains, including the prototypic ADAR1-Z␣, present Lys residues interacting with the phosphate group one base pair away.
To complete our comparison, we performed structural alignments of ORF112-Z␣ with drPKZ-Z␣, caPKZ-Z␣, yabaE3L-Z␣, and vvE3L-Z␣, which yield 0.502, 0.581, 1.490, and 2.46 RMSD, respectively (Fig. 1b ). We find that structurally, the most similar to ORF112-Z␣ is the zebrafish PKZ-Z␣ (drPKZ-Z␣). Then we constructed a structure-guided sequence alignment (Fig. 4a) , and we used a multiple sequence alignment of representative Z␣ domains as an input for phylogenetic analysis (Fig. 4b ). In the resulting Z␣ cladogram, ORF112-Z␣ domains from all three cyprinid herpesviruses cluster together, and the analysis suggests that they share a common ancestor with the second Z␣ domain of PKZ. E3L-Z␣ domains form a clearly separate clade that appears to originate before the split of ADAR1 and PKZ and thus not directly linked to cyprinid herpesvirus domains. In agreement, the alignment shows that the highest sequence similarity of ORF112 is also with PKZ-Z␣ domains (Fig. 4a ) (closest to Gobiocypris rarus PKZ Z␣). Thus, the parsimonious explanation for the origin of CyHV-3 ORF112 is that this gene was independently co-opted from the host by the common ancestor of the three cyprinid herpesviruses rather than acquired by horizontal transfer from a poxvirus.
ORF112 and ADAR1 Z␣ Have Distinct Modes of DNA Binding-To substantiate the conclusions drawn from the structure of the complex, we designed mutants of ORF112 Z␣ and compared their binding affinities for dsDNA with the WT using isothermal titration calorimetry measurements. To understand these isothermal titration calorimetry experiments, one needs to consider that under the low salt conditions of our experiments, the B to Z equilibrium is highly shifted toward the B-form. Injection of Z␣ leads to Z-DNA binding and moves the equilibrium toward the Z-form. Thus, although the DNA concentrations are known, the concentration of the Z-form, which actually interacts with Z␣, is lower. As a result, in the absence of a detailed model that includes the B to Z transition, the isothermal titration calorimetry experiments are only indicative of the relative affinities of the different proteins. The stoichiometries are systematically underestimated because of overestimation of the Z-DNA concentration.
WT ORF112-Z␣ binds (CG) 6 with double the affinity shown for (CG) 3 (K d ϭ 263 versus 538 nM), confirming the extension of the binding outside the (CG) 3 minimal site. Interestingly, when we perform the analysis for the prototypic ADAR1 Z␣ under the same conditions, we find a slightly better binding than ORF112 to T(CG) 3 but a completely different mode of binding against T(CG) 6 interpreted as two binding sites one high (K d 210 nM) and one low affinity (K d 8.7 M) (Fig. 5 ). These observations are consistent with the hypothesis that ORF112 forms a dimer covering the entire (CG) 6 area, whereas ADAR1 may first bind the (CG) 3 portion, creating a B-Z junction followed by an independent second binding event that leads to the Z conformation of the remaining half of the DNA.
Two ORF112-Z␣ monomers are shown to have extensive contacts through their ␣3 helix and the wing region when bound to DNA, suggesting that such an interaction may contribute to the final stabilization of the complex. To test this hypothesis we mutated Ser-260, a residue located at the end of ␣3, which forms a symmetric contact, to either Leu or Glu. The first mutation was expected to interfere with dimer formation through steric hindrance because of the bulkiness of Leu, whereas the second mutation, in addition, should create repulsive forces between monomers. In agreement, we find that S260L mutant has a reduced affinity against T(CG) 6 (K d ϭ 470 versus 263 nM (WT)) ( Fig. 6a ). As we expected, the drop in affinity was far more dramatic for S260E (below reliable determination levels); however, it is not clear whether this is only due to the inability to form the on-DNA dimer or because it also creates repulsion of the DNA backbone too. ORF112 also shows second strand interactions mediated by Arg-258. Indeed, a R258A mutant with a K d of 344 nM for T(CG) 6 shows a moderate affinity reduction in agreement with the notion that this represents a support contact (Fig. 6b) . Fig. 1 ). Three sequences without structural information are included: Cyprinid herpesvirus 1 (cyhv1Z␣ ORF112 ), Cyprinid herpesvirus 2 (cyhv2Z␣ ORF112 ), and G. rarus PKZ-Z␣ (grZ␣ PKZ ). On the top of the alignment, the schematic representation of ORF112-Z␣ (cyhv3Z␣ ORF112 ) secondary structure is drawn. Blue triangles below the alignment mark the triad of critical Z-DNA/Z-RNA binding residues: Asn, Tyr, and Trp. Blue boxes mark positions with conservation higher than 50%, and red shading highlights absolute conservation in this alignment. Residues involved in protein⅐DNA (green triangles) and protein-protein interactions (orange circles) are indicated above the alignment. b, cladogram generated based on curated (gaps removed) Muscle alignment with PhyML using Jones-Taylor-Thornton substitution model with the Shimodaira-Hasegawa approximate likelihood ratio test.
ORF112 Localizes to Stress Granules during Cellular Stress in the Context of Viral Infection-
The results presented so far demonstrate that structurally and biochemically ORF112-Z␣ has many similarities but also distinct properties to Z␣ domains from mammalian ADAR1, DAI, and the poxvirus E3L. We then decided to study the behavior of the protein in cells. We investigated the expression of CyHV-3 ORF112 in the context of viral infection and characterized its subcellular localization and compared it with other Z␣ domains (9) . First, we determined whether ORF112 is expressed as predicted by its gene structure encompassing an N-terminal repetitive sequence and a C-terminal Z␣ domain or as a shorter protein resulting from translation initiating at one of the internal methionine residues (Met-165, Met-189, and Met-224, American strain ABG42939.1) consisting mostly of the Z␣ domain. Analysis of purified CyHV-3 virions by two-dimensional LC MS/MS led to the identification of peptides, confirming that ORF112 is indeed expressed as a 280-residue-long protein (data not shown). The role of its N-terminal highly repetitive sequence, which is rich in Gln residues is unclear. Second, we investigated the kinetics of expression and the subcellular localization of ORF112 by confocal microscopy after infection of CCB cells with CyHV-3 ( Fig. 7A ). As early as 12 h postinfection, ORF112 was clearly detected using a specific polyclonal antibody. It localized mainly in the cytosol but also in the nucleus of infected cells. In the cytosol, most of the protein is concentrated in granular structures around the nucleus. However, the protein was also expressed throughout the cytoplasm and found associated with some regions of the plasma membrane. Within the nucleus, ORF112 was present in nucleoli and in the nucleoplasm (showing a granular structure). The granule structures detected in the cytoplasm and the nucleoplasm did not co-localize with CyHV-3 structural proteins (Fig. 7A, panels d, h, and  l) , indicating that they were not particle assembly sites or accu- mulations of virions. The ORF112 granules detected in the cytosol resembled stress granules in which Z␣ domains from ADAR1 and DAI have been shown to localize (9) . However, immunofluorescent staining of CyHV-3-infected cells with antibodies raised against ORF112 (Fig. 7B, green signal) and the SG marker HuR (40) did not reveal co-localization or formation of SGs because of virus infection (Fig. 7B, panel l) . Instead, when infected cells were treated with arsenite, SGs were indeed formed, and ORF112 was shown to localize in them ( Fig. 7B,  panel p) . Thus, these results show that ORF112 is targeted to stress granules in relevant fish cells as has been shown in mammalian cells for the other Z␣ containing proteins (9) . 4 Thus, all available evidence supports the idea that ORF112-Z␣ is not only structurally but also functionally a Z␣ domain.
Discussion
In this study, we present the crystal structure of the Z␣ domain from CyHV-3 ORF112 in complex with T(CG) 9 duplex DNA. The core recognition interactions between ORF112-Z␣ and Z-DNA are shared with Z␣ domains of ADAR1, DAI, PKZ, and E3L, with a triplet of conserved residues (Tyr-257, Asn-253, and Trp-274) maintaining almost identical conformations and interactions. The ORF112 of Cyprinid herpesvirus 1 and 2 conserve these residues too ( Fig. 4) and likely our observations from the CyHV-3 ORF112-Z␣ structure also apply to these proteins. Importantly, the novel features of the ORF112 structure emerge from the fact that binding occurs on an 18-bp DNA fragment forming a continuous helix instead of the 6-bp CpG oligonucleotides present in the previous Z␣ structures with the exception of PKZ-Z␣. Among such novel features is the fact that the wing region adopts an orientation pointing away from the DNA helix, and as a result, the only contact with the DNA is formed by Pro-272. This distinct orientation of the wing (in particular of the loop connecting ␤-strands S2 and S3) allows for protein-protein interactions with a second monomer bound 3 bp away on the opposite DNA strand, an interaction that can only form on a continuous helix. We propose that this on-DNA dimer formation is important for the stability of the complex for viral proteins, a proposal that is supported by our mutagenesis experiments. In the case of host proteins that all have two or more Z␣ domains, this stabilization can be provided by a covalently linked second domain of the same protein, as suggested by the structure of PKZ-Z␣ (7) . An interesting exception to the presence of single Z␣ domains in viral proteins is CyHV-1, where ORF112 has a tandemly repeated Z␣ separated by a very short linker of just 2-3 amino acids. However, such short linkage makes unlikely the simultaneous association of both domains with the same DNA molecule. Structural and biochemical studies of this protein are required to clarify whether CyHV-1 has adopted a different binding mode and whether the two domains indeed form a functional unit.
Another unique feature of the ORF112 on-DNA dimer is the unique direct base contact of the Arg-258 of one monomer to the core guanine base bound by Tyr-257 of the second monomer. We found that such a base contact appears possible for other Z␣ domains if bound to DNA fragments longer than (CG) 3 . Minimal (CG) 3 binding sites not only miss interactions that extend beyond the edges but also have small but perhaps significant distortions of the DNA helix toward both ends. Indeed, superposition of complexes of ORF112 with Yaba-like disease virus E3L shows for the last DNA phosphate a deviation of 0.9 Å compared with only 0.2 Å for the immediate previous base. Overall, although core recognition interactions are well represented in complexes with (CG) 3 , secondary interactions contributing to the stability of the complex may have been missed previously, and they may provide clues to explain differences in the affinity of different members of the family.
We have previously shown that free ORF112-Z␣ forms a dimer in solution in the presence of sulfate ions. The dimer of the free protein is formed through the exchange of the C-ter-4 L. Gabriel and A. Athanasiadis, unpublished results. minal 10 amino acids in a domain swapping arrangement. In solution, experiments showed an equilibrium between the monomeric protein and the domain swapped dimer, with the monomeric form being the dominant form, thus leaving unclear the significance of the observed dimer (17) . The protein⅐DNA complex structure of ORF112-Z␣ confirms that the binding-com-petent form is the monomer, and no domain swapping is observed in the complex structure. Interestingly, the region that participates in protein-protein interactions in the complex structure marks the starting point of the domain swapping of the free protein (Fig. 2, a-c, DS) . In the structure of the free ORF112-Z␣, sulfate ions are located exactly at the position where DNA phosphates are found in the complex (Fig. 2c) , and gel filtration experiments showed that the domain swapping is dependent on the presence of such sulfate ions (17) . These observations led us to speculate that the key interaction of phosphate groups (sulfate in free ORF112-Z␣) with Tyr-257 and neighboring amino acids causes destabilization/conformational flexibility of the wing region, which in the absence of actual DNA allows the observed domain swapping. Such conditional conformational flexibility suggests an induced fit mechanism for Z␣ domains.
Regarding the surprising presence of a characteristic poxvirus-like protein in cyprinid herpesviruses (41) , the structure allows a comprehensive analysis of the similarities and differences of ORF112 and E3L-Z␣, as well as that of the host PKZ. On one hand, our analysis clearly points to a close relationship between host PKZ-and viral ORF112-Z␣ domains. The significant similarities between ORF112-and PKZ-Z␣ suggest that either they have a common origin or that convergent evolution finely tunes the features of the two domains. On the other hand the relative divergence of E3L and ORF112 suggests that if the two proteins have a common origin, their split happened in a quite distant past. The innate immune system relies on a large number of proteins that act as sensors of nucleic acids. Nucleic acids are detected based on their structure, their subcellular localization, or even their sequence (42, 43) . According to these criteria, their detection can be interpreted by the innate immune system as the presence of a pathogen (pathogen-associated molecular pattern) or host cell damage (damage-associated molecular pattern). The description of Z-DNA/Z-RNA binding domains in proteins belonging to the host innate immune system and also in viral proteins involved in immune evasion mechanisms suggests that even a transient conformation of the nucleic acids could be detected and interpreted by the innate immune system as a pathogen-associated and/or damage-associated molecular pattern. ORF112 as E3L is expressed early during viral infection in agreement with a model that predicts the masking of corresponding pathogen-associated molecular patterns and the blocking of the activation of the innate immune responses as it is indicated by the absence of SG formation in infected cells. Nevertheless induction of SGs by artificial oxidative stress is enough to lead to accumulation of ORF112 to SGs, a behavior shared with other Z␣ domains (9) . What is the identity of the nucleic acids targeted at SGs is currently unknown and clearly an important question to address.
The CyHV-3 (ORF112)-carp (PKZ) model provides a unique opportunity to study both in vitro and in vivo the roles in antiviral innate immunity of proteins containing Z␣ domains. The crystal structure of CyHV-3 ORF112-Z␣ presented here defines critical amino acids for its interaction with Z-DNA/ RNA. This knowledge is crucial for the construction of CyHV-3 mutants to be tested in vitro, but also in vivo by infection of the natural host. These experiments, which are in progress, will provide valuable information for fundamental immunology and virology of proteins containing Z␣ domain. These experiments could also generate important data for applied research if the constructed mutants express a safety-efficacy phenotype compatible with their use as live attenuated vaccines.
